Summary Dysregulated rest-activity rhythm (RAR) patterns have been associated with several health conditions in older adults. This study showed that later acrophase was associated with a modestly greater risk of falls but not fractures in elderly men. Associations between dysregulated RAR patterns and osteoporosis risk warrant further investigation. Purpose The purpose of this study was to investigate the relationship between rest-activity rhythm (RAR) patterns and risk of falls/fractures in older men. We hypothesized that dysregulated RAR would be associated with incident falls/ fractures. Methods We used wrist-worn actigraphy to measure RAR over 4.8 ± 0.8 24-h periods in men (≥67 years) enrolled in the multicenter Outcomes of Sleep Disorders in Men (MrOS Sleep) Study (n = 3001). Men were contacted every 4 months to report occurrence of falls/fractures. RAR parameters included amplitude (difference between peak and nadir activity in counts/minute), mesor (activity counts/minute), acrophase (time of day of peak activity), and pseudo-F statistic (rhythm robustness) and were evaluated as continuous variables with associations reported per SD increase/decrease in models adjusted for confounders. Logistic regression was used to estimate the likelihood (odds ratio, OR) of recurrent falls in the year after the visit. Proportional hazards models were used to estimate the risk (hazard ratio, HR) of fractures. Results One year after the visit, 417 men (14%) had recurrent (≥2) falls. Later acrophase (OR 1.18, 95% CI 1.06-1.32) was associated with a modestly greater likelihood of falls. In 8.6 years (SD 2.6 years) of >97% complete follow-up, 256 men (8.53%) had a major osteoporotic fracture, 85 (2.8%) had a clinical spine fracture, and 110 (3.7%) had a hip fracture. No consistent, significant associations were observed between RAR patterns and fractures. Conclusions Later acrophase was associated with a modestly greater risk of falls; this association did not translate into a higher fracture risk in this cohort of elderly men.
Introduction
Falls are common in the elderly [1] , especially in patients with chronic conditions, functional disabilities, and history of previous falls [2] . Over 50% of falls in the elderly lead to injury [3] and increased healthcare costs [4] . One of the most severe consequences of falls is fracture, which affects approximately 50% of women and 25% of men after age 50 [5, 6] . Healthcare costs related to osteoporotic fracture are projected to reach $25.3 billion in the USA by 2025 [7] . Associations between poor sleep quality and postmenopausal osteoporosis/ osteopenia [8] and short sleep duration and risk of osteoporosis [9] suggest that sleep impacts bone health. Dysregulated sleep has been associated with increased risk of falls and fracture in the elderly [10] [11] [12] , which may be mediated by factors such as impaired cognitive function, reduced muscle strength, medications, depression, and other comorbidities [10] . Balance problems, drowsiness upon waking, and increased nighttime activity due to insomnia have also been implicated in the relationship between dysregulated sleep and falls [12] .
Bone turnover exhibits circadian variation [13] , and the relationships between bone, circadian rhythm, and sleep are emerging areas of research [14] . Wrist actigraphy has been validated as a measurement tool for entrained sleep/wake rhythm, and it is particularly well-suited for assessing circadian activity rhythms [15] . Dysregulation in circadian activity patterns, which are also known as rest-activity rhythm (RAR) patterns, has been associated with increased risk of mortality [16, 17] , dementia [18] , and cardiovascular disease [19] in older adults. The relationship between circadian activity rhythms and risk of falls has only been evaluated in one published study. In a cohort of very old (87-89 years) adults in the UK, wrist accelerometers were used to measure activity patterns over 5-7 days. Abnormal sleep-wake cycles (defined as minimal differences between the most and least active periods of the day) were significantly associated with number of falls (p = 0.04). However, the associations were cross-sectional and were not adjusted for potential confounders [20] . To our knowledge, the association of RAR and incident fractures has not been reported.
Based on these observations, we hypothesized that RAR patterns would be associated with recurrent falls and fractures in older men. To test this hypothesis, we measured RAR in men aged 67 and older enrolled in the multicenter Outcomes of Sleep Disorders in Men (MrOS Sleep) Study and prospectively assessed for falls and fractures. The MrOS Sleep Study provides a unique opportunity to study this question in a large cohort of community-dwelling older men who are wellcharacterized for RAR parameters, fall and fracture incidence, and potentially important confounding factors such as medication use, physical function, and comorbidities.
Materials and methods

Study participants
The Osteoporotic Fractures in Men (MrOS) is a prospective cohort study following ambulatory men ≥65 years (n = 5994) at six US clinics (Birmingham, Alabama; Minneapolis, Minnesota; Palo Alto, California; Pittsburgh, Pennsylvania; Portland, Oregon; and San Diego, California). Men who were unable to walk without assistance of another person and men who had a history of bilateral hip replacement were excluded. [23] . All 3001 men with technically adequate measures of RAR had data on the fracture outcomes, while 2973 men had enough follow-up data to ascertain incident falls (Fig. 1 ). The 798 (26.6%) men who reported a prior fracture of the hip, wrist, shoulder, or spine are included in this analysis.
The study was approved by the Institutional Review Board at each clinic site, and all participants provided written informed consent.
Assessment of falls and fractures
Participants were contacted every 4 months via postcard or telephone to report occurrence of falls and fractures (≥97% response rate). Falls reported in the first year after the Sleep Visit were included in this analysis. Men with at least two falls in the year after the Sleep Visit were classified as Brecurrent fallers^in the dichotomous fall outcome (vs. men with 0-1 fall). Fractures and their dates of occurrence were centrally adjudicated by physician review of radiology reports; mean follow-up for fractures was 8.7 years (SD 2.6 years).
Rest-activity patterns
Actigraphy (SleepWatch-O; Ambulatory Monitoring, Inc., Ardsley, New York, USA) was used to collect activity count data from participants with over 4.8 ± 0.8 consecutive 24-h periods; the minimum current requirement for actigraphy monitoring is 3 days, per the CMS (CPT® code for actigraphy monitoring 95803) [23] . Men wore the actigraph on the nondominant wrist and were instructed to remove the actigraph only when performing activities that would submerse it in water. Movement was detected via a piezoelectric bimorphceramic cantilever beam that generates a voltage each time the actigraph was moved. These voltages were gathered continuously and summarized over 1-min intervals, with movement measured in arbitrary counts per minute [24] . Actigraphy data was measured in three modes but are reported here using proportional integration mode (PIM), which is the preferred mode of this device for measuring activity [25] . An extension of the traditional cosine curve was used to fit RAR to the activity data. Activity data often assumes a shape more similar to a squared wave than a cosine curve. This five-parameter extended cosine model allows for this shape [15, 26] .
Four RAR parameters were evaluated in this analysis: amplitude, mesor, acrophase, and pseudo F-statistic. Amplitude (measured in activity counts/minute) is defined as the difference between peak and nadir in the fitted curve and indicates strength of the rhythm. Mesor (activity counts/minute) represents the mean level of the fitted curve. Acrophase (time of day) indicates the time of day of peak activity; earlier or later times indicate a tendency toward advanced or delayed activity rhythm. The pseudo F-statistic (no unit) indicates rhythm robustness and is a measure of how well the activity fits the cosine model; higher values indicate a better fit (more organization, increased circadian rhythmicity) [16, 19] .
Other measures
At the Sleep Visit, men completed a questionnaire about their medical history, which included self-report of diagnoses of diabetes mellitus, coronary heart disease, hypertension, and stroke, fall history, smoking status, and caffeine and alcohol use. Depressive symptoms were assessed with the Geriatric Depression Scale (GDS) [27] , with the standard cut-point of ≥6 depressive symptoms used to define depression [28] . Instrumental activities of daily living (IADL) were used to measure functional status and included walking two to three blocks on level ground, climbing up to ten steps, preparing meals, doing heavy housework, and shopping for groceries or clothing [29, 30] . Current prescription and over-the-counter medications used in the past 30 days were categorized by a computerized medication coding dictionary [31] ; prescription medication was stored electronically in a mediations inventory database (San Francisco Coordinating Center, San Francisco, CA). The Iowa Drug Information Service (IDIS) Drug Vocabulary (College of Pharmacy, University of Iowa, Iowa City, IA) was used to match each medication to its ingredient(s). Self-reported caffeine intake was calculated based on answers to questions regarding intake of caffeinated coffee, tea, and soda [32] . Nocturia was defined as reporting difficulty sleeping due to nocturnal bathroom use at least three times per week. Gait speed (meters/second) was measured over a distance of 6 m. Participants' body weight was measured with a digital scale or with a standard regularly calibrated balance beam scale. A wall-mounted stadiometer was used to measure participants' height without shoes, using a standard heldexpiration technique. Body mass index (BMI; kg/m 2 ) was calculated from height and weight measurements. Dual energy x-ray absorptiometry (DXA) (QDR 4500W; Hologic Inc., Bedford, MA) was used to measure bone mineral density (BMD, g/cm 2 ), and T-scores were calculated using female white norms, per descriptive epidemiology recommendations from the Committee of Scientific Advisors of the International Osteoporosis Foundation [33, 34] .
Statistical analyses
There are no standard clinical cut-points for the RAR parameters. The RAR predictor variables amplitude, mesor, and pseudo-F statistic were expressed as quintiles as was done in prior work in this cohort, with the highest quintile serving as the referent category; we hypothesized that those with highest values in these measures would have the lower risk of subsequent outcomes [16] . The acrophase variable, however, was analyzed differently. Low values for acrophase indicate early shifting of the time of activity (Bearly birds^) while higher values for acrophase indicate late shifting of the time of activity (Bnight owls^). Therefore, acrophase was examined in terms of the deviation from the population mean. We identified three categories based on having a peak time of more than one standard deviation (SD) above and below the population mean (2:18 p.m. ± 73 min) for the study population. Phaseadvanced participants (early birds) were defined as having an acrophase of <1:04 p.m. (<1 SD from the mean), and phasedelayed participants (night owls) were defined as having an acrophase of >3:29 p.m. (>1 SD from the mean); those with acrophase between 1:04 p.m. and 3:29 p.m. comprised the referent group. Previous studies have reported U-shaped associations between acrophase and health conditions such as dementia [18] . Analyses were also performed with the effect estimates for the RAR parameters expressed as continuous variables per standard deviation increase (acrophase) or decrease (amplitude, mesor, pseudo-F statistic).
Participant characteristics were compared across category of the pseudo-F statistic and acrophase using ANOVA for continuous normally distributed variables, Kruskal-Wallis tests for skewed continuous variables, and chi-squared tests for categorical variables. Similar analyses were performed for amplitude and mesor for use in covariate selection (data not shown). These results were used for covariate selection for multivariable models. Logistic regression was used to estimate the likelihood (odds ratio, OR) of recurrent falls. Proportional hazards models were used to estimate the risk (hazard ratio, HR) of fractures (major osteoporotic fracture [hip, wrist, shoulder, clinical spine], hip, clinical spine).
We aimed to understand if there were any associations between the RAR predictors and falls or fractures and, if so, whether these associations were explained by potentially confounding factors. Therefore, we first ran models adjusted only for age and clinical site. Then, we ran multivariate models. Multivariable models were further adjusted for potential confounders that were related to one or more RAR predictors at p < 0.10, including race (white vs. non-white), BMI, any medical condition (from the list of diabetes mellitus, coronary heart disease, hypertension, stroke), smoking (none, past, current), alcohol use (<1 drink/week, 1-13 drinks/week, ≥14 drinks/week), caffeine use, depression (GDS ≥6), use of benzodiazepines, use of prescription sleep medications (excluding benzodiazepines), presence of an IADL impairment, and gait speed. Nocturia (disturbed sleep due to bathroom use ≥3 times per week) was included as a covariate based on previous reports [35, 36] . Additionally, fracture models were adjusted for femoral neck BMD. In secondary analyses, models were further adjusted for activity level to examine if associations between RAR parameters and falls were independent of physical activity.
Unless otherwise noted, two-sided significance levels were set at p < 0.05, and all analyses were conducted using SAS version 9.4 (SAS Institute Inc., Cary, NC).
Results
The analysis cohort was composed of 3001 primarily Caucasian (89.9%) men with an average age of 76.4 ± 5.5 years at the RAR assessment and an average BMI of 27.2 ± 3.9 kg/ m 2 . Participant characteristics stratified by quintile of pseudo-F statistic and acrophase category are presented in Tables 1 and  2 , respectively. Compared to men with lower values, men in higher pseudo-F statistic quintiles (more robust RAR) were generally younger, had lower BMI, and were less likely to report a history of diabetes mellitus, hypertension, stroke, coronary heart disease, or a history of falling. Men with lower values of the pseudo-F statistic (less robust RAR) were more likely to report depression, to use antidepressants or benzodiazepines, and to have a functional limitation compared to men in higher quintiles. In addition, men in higher quintiles of the pseudo-F statistic generally reported greater caffeine intake, greater alcohol intake, higher activity level, and faster gait speed compared to men in lower quintiles. There were no differences across the quintiles of pseudo-F statistic for race, femoral neck BMD, femoral neck T-score, smoking status, use of prescription sleep medication, and nocturia. Compared to phase-advanced or phase-delayed men, men in the middle acrophase category were more likely to have a lower BMI, faster gait speed, greater mean daytime activity count, and lower rates of CHD and stroke. Additionally, phase-delayed men were more likely to smoke, to be non-white, to have higher rates of diabetes mellitus or depression, more likely to use antidepressants or benzodiazepines, to have a history of falling or to have functional limitations, and to have consumed less alcohol. There were no differences across category of acrophase for age, hypertension, caffeine use, use of prescription sleep medication, femoral neck BMD, femoral neck T-score, or nocturia.
The year after the visit, 417 men (14.0%) had recurrent (≥2) falls. Associations of RAR variables and likelihood of recurrent falls (odds ratio as assessed by logistic regression) are presented in Table 3 . In models adjusted for age and clinic site, lower amplitude (indicating weaker circadian rhythm strength), later acrophase (later time of daily peak activity), and lower pseudo F-statistic values (indicating greater disorganization of circadian activity) were associated with a modestly greater likelihood of falls. After adjustment for covariates, later acrophase remained associated with a modestly greater likelihood of falls, while significance of the pseudo-F statistic association was attenuated (p = 0.06). The association between lower amplitude (weaker rhythm strength) and likelihood of falls no longer maintained significance after multivariable adjustment. After further adjustment for activity level, the association between later acrophase and incident falls remained unchanged, while the association between pseudo-F statistic and falls regained significance. After 8.6 years (SD 2.6 years) of follow-up from the Sleep Visit, 256 men (8.53%) had a major osteoporotic fracture, 85 (2.8%) had a clinical spine fracture, and 110 (3.7%) had a hip fracture. In proportional hazards models adjusted for age and clinic site, the hazard ratio for amplitude (rhythm strength) suggested a modestly increased risk of clinical spine fracture (Table 4) . Some statistically significant associations were observed between quintiles 2 and 3 of the RAR parameters and fractures, such as pseudo F-statistic quintile 3 and hip fracture (Table 4) . However, these associations were inconsistent, and RAR parameters were not associated with fracture risk after multivariate adjustment (data not shown).
Discussion
Consistent with previous work that has suggested a deleterious relationship between later acrophase (later timing of peak circadian activity) and health outcomes [16] [17] [18] [19] 37] , in this cohort of older men, we found a significant association between later acrophase and a modestly greater risk of falls, independent of traditional risk factors. Associations between low pseudo-F statistic (greater disorganization of activity) and fall risk approached significance. RAR parameters were not associated with fracture risk after adjusting for multiple confounders. These results suggest that some dysregulated circadian patterns may have influenced the risk of falls in healthy elderly men, but this association did not translate into a higher fracture risk in this cohort. Associations between sleep parameters and fall risk and fracture risk have been reported in previous studies. Selfreported napping and sleeping more than 10 h per day were In secondary analyses, models were further adjusted for activity level to examine if associations between RAR parameters and falls were independent of physical activity associated with higher risk of falls and fractures in a cohort of elderly women [10] , and self-reported night shift work, which can lead to disrupted sleep and circadian rhythms, was associated with increased risk of hip and wrist fractures among women enrolled in the Nurse's Health Study [38] . Differences in gender and method of sleep/24 h rhythm activity assessment may partially explain the differing results from the present study compared to these previous studies [10, 38] . Gender differences in the effects of sleep deprivation on bone mineral density (BMD) have been previously reported [39] , and subjective methods such as self-report rely on subjects' recall and are considered less reliable than objective methods such as actigraphy [15] . In the MrOS cohort, Stone and colleagues employed a variety of sleep measures including subjective (Epworth Sleepiness Scale, Pittsburgh Sleep Quality Index, selfreported total sleep time), actigraphic total sleep time and sleep efficiency, as well as sleep-disordered breathing measured by polysomnography (PSG). Findings included an increased risk of falls for men with excessive daytime sleepiness, less than 5 h of sleep per night, poor sleep efficiency, or nocturnal hypoxemia [11] . Cauley and colleagues used exposure variables related to sleep-disordered breathing/ oxygenation and found associations with fall risk and nonspine fracture risk in MrOS participants [40] .
Given these previous associations between disordered sleep and falls and fractures in the MrOS cohort [11, 40] , expanding this research to circadian activity rhythms was a logical next step [14] . This study is the first to report associations of RAR patterns and falls and incident fractures in elderly men.
However, the short-term nature of RAR data may have been insufficient to correspond to a fracture, which is a longterm measure of bone health. To more precisely examine the effects of circadian rhythm disturbance on bone metabolism, biomarkers of bone turnover could be utilized as an intermediate outcome measure in future studies. Bone turnover biomarkers are associated with changes in bone mass over time [41] and are also known to exhibit diurnal variation [42] . Although we found no independent associations between RAR and fracture risk, it is conceivable that RAR patterns may be related to bone turnover changes, and over time, bone HR hazard ratio, CI confidence interval, SD standard deviation a Major osteoporotic fracture includes hip, wrist, shoulder, and clinical spine fracture turnover changes may result in bone loss and resultant fracture. Additionally, since weaker RAR patterns have been associated with poorer executive function [37] , dementia, and cognitive impairment [18] in women, the association with falls found among MrOS participants could also suggest an effect of RAR on neuromuscular function, leading to subsequent falls. Thus, RAR may have a completely different role in osteoporosis that is not along the fracture continuum. Additional research is needed. This study has a number of strengths, including the large sample size, nearly complete follow-up on all surviving cohort participants, and use of validated outcome measures, and study participants were enrolled from the community and were not selected on the basis of a sleep complaint or fracture risk. Results were adjusted for multiple potential confounding factors, so it is likely that associations were not explained by depression, comorbidities, medication use, or lifestyle factors. However, there were also a number of shortcomings in this study. First, we performed statistical adjustment for numerous covariates, but it is possible that unmeasured confounders may have affected the results. Also, study participants were predominately a population of relatively healthy white men, so further studies are needed to confirm these results in other populations, such as women and minorities. Additionally, RAR as measured by wrist actigraphy may be subject to masking, and RAR may not be as stable as melatonin or temperature rhythms as markers of suprachiasmatic nucleus (SCN) circadian output [15] . Lastly, the present analysis subset was limited to men with three or more continuous days of actigraphy recordings, and the duration of the actigraphy recordings was on average five 24-h periods. The 3-day restriction was used because it is the minimum current requirement for actigraphy monitoring for the Centers for Medicare Services (CMS) (Current Procedural Technology (CPT® code 95803) [23] .
Conclusions
In partial support of our hypothesis, later acrophase (later timing of peak circadian activity) was independently associated with risk of falls in older men. However, later acrophase and other disordered circadian activity patterns were not significantly associated with higher fracture risk after multivariate adjustment. Associations between circadian activity patterns and osteoporosis risk warrant further investigation.
